The common practice of measuring the change in isotope ratio for the whole molecule using isotope ratio measurement by mass spectrometry leads to the loss of significant information of potential interest, since it is the position-specific fractionation which most closely reflects the effect of physicochemical processes. We have shown for MTBE, a common ground water contaminant, that isotopic quantitative 13 C NMR spectrometry can be effectively applied to obtain this position-specific data. It is found that different characteristic position-specific isotope fractionation patterns are introduced by different types of evaporative process or by oxidative degradation.
Introduction
Isotopes have been used successfully to demonstrate the natural or enhance biodegradation of petroleum hydrocarbons, solvent, and gasoline additives in soil and groundwater. Given the benefits obtained from the isotopic information obtained by CSIA (Compound-Specific Isotope Analysis), environmental geochemists have been eager to exploit the correlated changes in the abundance of stable isotopes of carbon and hydrogen as these compounds undergo degradation. 1 However, to date such variation in 13 C has been analysed by mass spectrometric methods (isotope ratio monitoring by mass spectrometry: irm-MS or (irm-GC/MS)) that can only report the bulk isotopic composition for a whole molecule ( 13 C g ). Under these circumstances, much valuable information is lost, since modification processes will have significant impact on the isotopic signature only at those positions in the molecule where chemical or biological modification takes place: i.e., they are position-specific. Position-Specific Isotope Analysis (PSIA) for 13 C can be performed by chemical and/or enzymatic degradation of the molecule, with subsequent analysis of the resulting fragments by irm-MS. However, this is a tedious approach and not applicable in routine. Alternatively, fragmentation is done by pyrolysis, fragmenting molecules in a ceramic oven (~1000 °C) coupled on-line to irm-MS. 2 While this is effective for very small molecules, it is not applicable to larger compounds 3 . In contrast, isotopic quantitative 13 C nuclear magnetic resonance spectrometry (irm-13 C NMR) gives access to all spectrally-resolved sites in the compound; thus to position-specific measurements ( 13 C i ). The development of irm-13 C NMR has proved very challenging and it is only recently that a sufficiently robust and precise technique has been described that can be used for determining position-specific isotopic fractionation due to both abiotic and biotic phenomena. This has been assessed within food 4 and pharmaceutical contexts 5 as a means of proving origin. The work presented herein encompasses the performance of iq-13 C NMR and its potential to perform PSIA on the pollutant methyl tert-butylether (MTBE) during volatilization and oxidative degradation, important processes in remediation.
PSIA by isotopic quantitative 13 C NMR spectrometry
Isotopic quantitative 13 C NMR (irm-13 C NMR) provides a general method for determining the intramolecular 13 C distribution ( 13 C i ) of any low-molecular-weight soluble species. To implement this approach for 13 C initially required establishing 13 C NMR conditions to attain a target precision of 1‰, the level needed for isotopic applications at natural abundance. We exploit the double intrinsic property of NMR: it can separate the signal coming from an isotope at each individual site in a molecule, and it can quantify the separated signals, thereby providing access to numerous isotopic parameters simultaneously, instead of only one as by irm-MS. Once initial difficulties in isotopic 13 C NMR were overcome, appropriate long-term repeatability was obtained. 6 Key features for reaching the target precision of 1‰ include: (i) homogeneity and robustness of the 1 H decoupling of 13 C-1 H interactions by using appropriate adiabatic decoupling 7 and (ii) the reduction of the experimental time by using relaxation reagents. 8 The reproducibility and the inter-comparison of NMR spectrometers for irm-13 C NMR have also been assessed. An inter-laboratory collaborative irm-13 C NMR study showed that the instrumental response (inter-spectrometer variability) can be monitored and adjusted when a systematic protocol is applied. 9 Then, conditions for performance qualification of the NMR spectrometer have been defined, in order to express the 13 C i on the international -scale, established from certified material references used in irm-MS.
PSIA on MTBE upon volatilization and oxidative degradation

Evaporation processes
In order to probe the interest of irm-13 C NMR, we have simulated in field evaporation conditions involving liquid/vapour transformation for MTBE: passive evaporation (PE), air-flux assisted evaporation (AFE), low pressure evaporation (LPE) and distillation (DE). The data presented in Figure 1 reveal that the methyl groups (C-3 and C-2) show a significant normal isotope effect during PE. In contrast, when evaporation is forced by low pressure (LPE) or elevated temperature (DE) the C-1 position is subject to the greatest fractionation and shows an inverse isotope effect, noticeably during distillation (DE). The main point to be noted is how different positions behave differently, indicating how the bulk 13 C g observed under different evaporation conditions can have the same value but for different reasons: MTBE that undergoes PE or AFE volatilization in the environment would have a changed 13 C at the C-2 and C-3, whereas C-1 would remain essentially unaltered. 
Oxidation by KMnO 4
Intramolecular 13 C fractionation during a chemical reaction can be monitored by irm-13 C NMR. As an illustration, Figure 2 presents the first results obtained during the oxidation of MTBE into tert-butyl alcohol (TBA) and methanol. The conditions used were strong enough to further oxidize methanol into CO 2 . It is easy to collect TBA at several conversion yields and then to submit the purified fraction to analysis by irm-MS and irm-13 C NMR and to follow the 13 C i and 13 C g during the oxidation process. Since it is the product (TBA) that is probed, the isotope effects, if any, should be more pronounced at the beginning of the transformation. 
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A very small isotope fractionation during aerobic degradation of MTBE has been reported for 13 C g , 10 but this would be difficult to follow in field conditions. However, it is found that the 13 C i is much more informative (Fig.  2) . The 13 C 1 shows an enrichment of just over 6‰, while 13 C 2 is impoverished by 2‰. This opposite effect leads to an unchanged average value, that which is detected by bulk measurements. Again, the interest of PSIA by irm-13 C NMR is clearly demonstrated through showing that the behavior of each 13 C isotopomer is very specific.
Conclusions
By exploiting PSIA using irm-13 C NMR spectrometry, it is possible to assess any physical or chemical process that introduces an isotopic fractionation during remediation. Notably, even for compounds where the bulk isotope effect is small, larger effects can be detected for specific positions. This approach should give new insights in the molecular understanding of evaporation processes, as well as the oxidation of MTBE. New modelling may now be envisaged to describe the fate of a pollutant in the soil or ground water.
11,12 To date, the main disadvantage of the NMR method is its relatively low sensitivity. Current developments using modified NMR pulse sequences, exploiting polarization transfer 13 and 2D NMR, associated with the continuous improvement of sensitivity of the NMR spectrometer should bring down the amount of material required by 8-to 15-fold in the near future, making the technique compatible with the sizes of typical field samples.
